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Introduction
There has been a growing interest in thermal conductive polymers (TCPs) such as thermal interface materials, electronics packaging and, plastic heat exchangers. TCPs are usually binary composites filled with high thermal conductivity additive in the matrix. The influence factors on the preparation of TCPs are filler size, functional treatment technique, volume fraction, directional alignment technique, and interfacial thermal resistance [1] . Among them, the filler size is one of the most important but easily overlooked factor.
Carbon-based nanomaterials such as graphene nanoplatelets (GNPs) have been proposed as the next generation multifunctional nanofiller for the improvement of matrices [2, 3] . Graphene Nanoplatelets (GNPs) are ultrathin particles of graphite that can also be thought of as short stacks of graphene sheets. Graphene sheets are composed of sp 2 hybridized carbon atoms linked in hexagonal structure with each carbon atom covalently bonded to three other carbon atoms [4] . So far, researchers have mainly focused on the effect of graphene content on the nucleation of thermally conductive high-density polyethylene (HDPE) nanocomposites at small supercooling [5] , the functionalization and preparation methods of polyethylene, the improvement of thermal stability [6] [7] [8] [9] [10] [11] [12] , and the study of mechanical properties of composites [13, 14] . However, there is limited literature available on the effect of graphene size on thermal properties of polyethylene [12, [15] [16] [17] . In our previous work [17] , different size of GNPs was used to examine the non-isothermal crystallization kinetics of HDPE at cooling rates from 0.017 to 0.33 K/s. It was shown that GNPs with the smaller diameter increase more the number of heterogeneous crystallization nuclei.
However, the above temperature range was very restricted due to limited cooling abilities of conventional Differential Scanning Calorimetry (DSC).
Fast Scanning Calorimetry (FSC) offers perspectives for mimicking cooling and heating rates under practical conditions. Many industrial processes -film blow molding, injection molding, and extrusion-often occur under much higher cooling rates than the ones involved in common laboratory experiments, as for example in film production or microinjection molding cooling rates can be of the order of magnitude of 10.000 K/s [18] . So, FSC analysis has been used to study the crystallization behavior and the melting kinetics of polymeric crystals formed far from thermodynamic equilibrium, which readily undergo the reorganization of themselves during the examination by fast scanning rates [19] [20] [21] [22] [23] . FSC have been applied to examine polyethylene [24] [25] [26] at high scanning rates using sample masses in the range of 1-30 x 10 -11 Kg without significant temperature lag [20, 21] . A supercooling of the melt by 40 K was observed for a linear polyethylene sample (1.2 x 10 -10 Kg) expanded to 5000 K/s [19] . Recently, Zhuravlev et al. [18] examined the supercooling of polyethylene of various chemical architecture down to 330 K using a mass of 1-2 x 10 -12 Kg at rates up to 1 000 000 K/s. However, the crystallization mechanism of HDPE/graphene nanocomposites in a wide range of technological processes (relevant to polymer manufacturing processes) and the reorganization processes of HDPE crystals that occurred far from thermodynamic equilibrium have not yet extensively been studied.
In this work, crystallization and melting behavior of HDPE/graphene nanocomposites with different diameters (5 and 25 x 10 -6 m) were studied in non-isothermal conditions over a broad temperature range regarding the use of FSC to better understand the effect of graphene size on the crystallization far from thermodynamic equilibrium. Conventional techniques such as Polarized Light Microscopy (PLM) and DSC were also applied to observe the nucleating effect of GNPs on the polymeric matrix at small supercooling. A comprehensive analysis of graphene size in the storage/loss modulus and viscosity in the nanocomposites was explored. An isoconversional technique was examined to evaluate the apparent activation energy of the nanocomposites during the crystallization process. These results can be employed to describe the overall crystallization kinetics of thermally conductive HDPE/graphene nanocomposites in polymer processing.
Experimental Section

Materials
High density polyethylene (HDPE) under the trade name Lumicene® mPE M5510 EP was supplied by Total Petrochemicals (Feluy, Belgium). Lumicene® mPE M5510 EP is a linear backbone of the repeating unit -(CH 2 -CH 2 ) n -with a slight degree of branching prepared with metallocene catalyst. It has a melt flow index of 1.2 g/10 min (ISO 1133) and 955 Kg/m 3 density. GNPs with an average thickness of 6 x 10 -9 m were supplied by XG Sciences Inc., USA having two different average diameters:
GNPs with an average platelet diameter of 5 x 10 -6 m (GNP M5) and 25 x 10 -6 m (GNP M25), respectively. The average surface area ranges from 120 to 150 m 2 /g. The bulk density of all GNPs is reported to be 2200 Kg/m 3 .
Nanocomposites preparation
HDPE/graphene nanocomposites containing 5 wt% of GNPs were prepared by meltmixing in a Haake-Buchler Reomixer (model 600) equipped with roller blades and a mixing head with a volumetric capacity of 6.9×10 -5 m 3 . During the mixing period, the melt temperature and torque were continuously recorded. For this set of samples, a mixing was performed at 473 K, for 300 s, using a torque speed of 35 rpm.
Afterwards the prepared materials were hot pressed using an Otto Weber, Type PW 30 hydraulic press connected with an Omron E5AX Temperature Controller, at a temperature of 453±5 K in order to prepare films of different thicknesses, therefore appropriate for each type of following measurements. The nanocomposite samples are referred here as HDPE/M5 and HDPE/M25.
Characterization Method
Differential Scanning Calorimetry (DSC)
A differential scanning calorimeter (DSC) Pyris Diamond from Perkin-Elmer, calibrated with indium and zinc standards, was used for the calorimetric behavior of HDPE and the graphene nanocomposites. The selected sample mass was 1.75±0.1 x10 -6 Kg to minimize heat flow to the sample which is proportional to rate and sample mass and causes the thermal lag. As to the non-isothermal crystallization kinetics, the thermal history of all samples was erased by heating from room temperature up to 453 K and then the samples were held at this temperature for 120 s. Then, cooling scans were performed at rates of 0.17, 0.33, 0.83, 1.67 and 2.5 K/s. Subsequent melting after non-isothermal crystallization was measured at a heating rate of 0.33 K/s. The crystallinity of the samples is determined from the ratio of the measured area under the curve concerning the area under 100% crystalline HDPE material (293 J/g [27] )
normalized by the mass fraction of HDPE in the composites.
Fast Scanning Calorimetry (FSC)
The non-isothermal crystallization behavior of HDPE/graphene nanocomposites was explored by FSC to study the effect of supercooling on the crystallization process. A detailed description of the measurement principle and instrumental setup, Mettler-Toledo Flash DSC 1, is given elsewhere [19, 28] . During the experimental procedure, the sample was microtomed under a microscope and placed in the center of the sensor, namely UFS1 MultiSTAR chip sensor. It was then melted at a low heating rate of 10 K/s to establish good thermal contact between the sample and the sensor. The samples were then heated from room temperature to 473 K and held there for 0.1 s to erase the thermal history, and then cooled down to 223 K at different cooling rates, ranging from 1 to 10 000 K/s (starting with the faster cooling rate) under a constant flow (5 x 10 -7 m 3 /s) of dry nitrogen gas over the chip sensor. The sample mass was roughly estimated (170±10 ng) by comparing the absolute enthalpies of crystallization, measured by FSC, with mass-specific enthalpies of crystallization, obtained by conventional DSC at the same condition of crystallization. and G'' with increasing frequency (from 0.1 to 628 rad/s) has been studied. Steady shear sweeps were used to investigate the flow properties of the materials by recording the viscosity at increasing shear rates (from 0.001 to 300 s -1 ).
Rheological measurements
Polarized light microscopy (PLM)
A polarizing light microscope (Nikon, Optiphot-2) equipped with a Linkam THMS 600 heating stage, a Linkam TP 91 control unit, and a Jenoptic ProgRes C10Plus camera was used for PLM observations. The sample on glass slides covered with slips heated to 443 K, held for 60 s at this temperature and then cooled to room temperature at a cooling rate of 0.33 K/s.
X-ray Diffraction (XRD)
The XRD patterns of the prepared materials (0.03 m in thickness) were recorded at Bragg-Brentano geometry using a two-cycles Rigaku Ultima + powder X-ray diffractometer (Rigaku Corporation, Shibuya-Ku, Tokyo, Japan) with CuKa radiation, using a step size of 0.05° and a step time of 2 s operating at 40000 V and 0.03A.
Results and discussion
3.1 Study of crystallites and crystal structure of HDPE/graphene nanocomposites PLM study of HDPE/graphene nanocomposites was carried out at a cooling rate of 0.33 K/s. It is well known that polyethylene crystallites are arranged in spherical aggregates, and thus it is difficult to observe spherulitic morphology [29] . Fig. 1 .a.
shows that the size of spherical aggregates decreases in the case of HDPE/M5 nanocomposite compared to HDPE/M25 nanocomposite ( Fig. 1.b ). This can be judged by the number of light spots in the field of view. Similar morphology behavior has been observed in other HDPE composites [30, 31] . The larger number of aggregates might originate from GNPs M5 into the HDPE matrix, indicating that the heterogeneous nucleating effect is stronger as the filler diameter decreases (at the same filler content) due to the higher number of nucleating sites. Moreover, Fig. 1 shows that large black GNP aggregates are dispersed coarsely in HDPE/M5 and HDPE/M25 nanocomposites. The black aggregates become smaller in the case HDPE/M5 nanocomposite compared to HDPE/M25 filled with GNPs M25. This probably means that the dispersion of GNPs M5 is finer in HDPE matrix than GNPs 
Rheological properties of HDPE/graphene nanocomposites
The rheological properties of the HDPE, HDPE/M5 and HDPE/M25 nanocomposites (including dynamic shear and steady shear properties) are comparatively shown in rates, which we attribute to the breakage of the graphene interconnected network formed in the matrix (at rest and low frequency shear there is a network of graphene formed in the matrix, which breaks at higher frequencies, and that is why we see that decrease in viscosity, the shear-thinning behaviour). At high frequency regions both HDPE/M5 and HDPE/M25 nanocomposites exhibit shear-thinning behavior. This attributes to the alignment of GNPs in the direction of shear, where the filler content has a small effect on the viscosity of composites and the relaxation mechanism is mainly governed by the polymer matrix [37] . Similar to moduli, the viscosity of the graphene nanocomposites is much higher than the neat HDPE at all range.
Specifically, there is an increase in zero-shear viscosity by 524% and 679% for HDPE/M5 and HDPE/M25, respectively. This remarkable enhancement in zero-shear viscosity may be due to agglomeration of GNPs resulting in significant interaction between anisotropic graphene platelets (and the formation of a graphene interconnected network), which initiate a strong dependence of viscosity on graphene size. Consequently, the HDPE/M25 nanocomposite exhibits apparently enhanced G′, G′′ (related to reinforcement of the matrix) and increased η compared to HDPE/M5
and neat HDPE. This means that the bulk density of GNPs in the HDPE/M25
nanocomposite is much higher than that of the HDPE/M5 nanocomposite despite the same filler content (5 wt% of GNPs) and thus GNPs M25 greatly restrict the mobility of the molecular chains [38] . The increase in viscosities observed was not too high, and it was still possible to process the materials easily, even at loadings of 5 wt.%, which represents an important advantage for using these nanocomposites in industry.
Crystallization behavior of HDPE/graphene nanocomposites
The high nucleation density of the nanocomposites plays a major role on the crystallization rates of the samples; there is a high number of nucleating sites which accelerate the general crystallization phenomenon. So, the crystallization behavior of HDPE/M5 and HDPE/M25 nanocomposites was investigated by conventional DSC using cooling rates ranging from 0.17 to 2.5 K/s. The selected DSC curves of neat HDPE and HDPE/M5 nanocomposite are plotted as a function of the temperature in Consequently, there is a high number of nucleating sites in nanocomposites promoting crystallization even at such high cooling rates. Fig. 6 .b. shows that the crystallization enthalpy of the HDPE, HDPE/M5, and HDPE/M25 nanocomposites increases slightly up to a cooling rate of 100 K/s, while it significantly increases after that. These findings suggest that the crystallinity of the samples may be controlled by the thermal cycles of cooling and heating to which the material is subjected. In particular, the cooling rates are fast enough, and thus, there is no time to form crystals with high perfection; disordered regions and crystallites of varying sizes crystals are formed at low temperatures [39] . An increasing cooling rate leads to a high supercooling, while the thermodynamic driving power of crystallization also increases. By increasing the viscosity, caused by the cooling of the melt, however, the mobility of the molecule chains slows down. It seems that the thermodynamic and kinetic requirements for crystallization work against each other, and thus, there is only a slight increase in crystallization enthalpy of neat HDPE, i.e., from 138.95 J/g to 143.43 J/g decreasing the cooling rate from 1000 to 100 K/s. With decreasing the cooling rate further (from 100 to 1 K/s), the amount of the ordered structures and the stability of crystals formed in the cooling process increases (as is judged by the shift of the crystallization peak toward higher values in Fig. 6 .a.), and therefore, the crystallization enthalpy and the crystallinity increase more. It is furthermore observed that the crystallization enthalpy, as well as the crystallinity of nanocomposites have both decreased compared to neat HDPE ( Fig. 6.b) . On the one hand, graphene nanoplatelets provide a higher number of available nucleating sites due to the increase in surface area to volume ratio for decreasing particle size. On the other hand, a reduction in mobility of the molecular chains can occur under the presence of the filler which reduces crystal growth rate and filler effectiveness. Similar results have been presented in the literature [40, 41] .
Melting behavior following the non-isothermal crystallization of HDPE and the graphene nanocomposites
Conventional DSC heating curves of neat HDPE and HDPE/M5 nanocomposite at a rate of 0.33 K/s after cooling at various rates from 0.17 to 2.5 K/s are shown in Fig. 7 .
These cooling rates are slow enough, and as a result, more stable and larger crystals are formed. The incorporation of GNPs into the HDPE matrix increases the melting temperature. The smaller GNPs M5 shift the melting peak of HDPE to higher temperatures than the larger ones (GNPs M25). In addition, the melting enthalpy, and therefore the crystallinity (Table 1) decrease with increasing cooling rate. GNPs provide higher interfacial area and interaction between the polymer matrix which can lead to a retardation of the molecular mobility [12, 42] . Meanwhile, the melting enthalpy of HDPE/M5 nanocomposite presents slightly higher values than HDPE/M25. The same behavior was also observed at crystallization temperatures of these samples (Fig. 6 .b).
Graphene nanocomposites were studied by FSC at a heating rate of 1000 K/s to separate the different melting events (Fig. 8) . The observed changes in melting were attributed to the cooling procedure, since the heating conditions were kept the same for all samples (heating at 1000 K/s). Several melting events for neat HDPE and the graphene nanocomposites were observed, since the melting peaks were broad and overlapping. Multiple endotherm phenomena for HDPE under various crystallization conditions have been observed in the literature [43] [44] [45] . In particular, G. Amarasinghe et al. [44] reported that the process of melting, recrystallization, and remelting occurs in HDPE sample; A. Toda et al. [25] reported that the crystals formed at low temperatures are unstable and easily re-organize during heating. It means that the crystals of semi-crystalline polymer contain disordered regions and crystallites of varying sizes due to ethylene sequence length distribution, crystallizing at different temperatures [46] [47] [48] ; these disordered regions and crystallites of varying size behave differently when both the cooling rate and filler size increase and thus various melting events exist in the heating curves, as shown in Fig. 8 .
To quantify the influence of the GNPs on HDPE crystallization, a curve deconvolution was performed in order to evaluate the peak temperature of each disordering event (melting of crystals) and its dependence on crystallization conditions. The peak position in the overlapped thermograms was adjusted by a nonlinear least-squares method so that the summed profile was fitted to the observed pattern using Lorentzian and Gaussian functions (Fig. 8.d. ) [49] .
HDPE is a very fast crystallizing and recrystallizing polymer and thus rates as high as 1000 K/s cannot prevent reorganization (Fig. 8.a.) . The multiple melting peaks are related to a series of crystals with different crystallites sizes. So, the sharp melting peaks observed after the application of slow cooling rates are attributed to the melting of crystals with higher perfection, compared to the ones that are formed at larger undercooling at the rate of 10.000 K/s. The nanocomposites filled with GNPs show faster overall crystallization because of the filler nucleation activity. However, fast crystallization always results in the formation of less stable structures (poor crystals).
According to the literature [50, 51] , neat HDPE is composed of long chains which form irregular, entangled coils in the melt. In HDPE/graphene nanocomposites, polymer chains repel nanofillers (when GNPs are added in the polymer matrix, the HDPE chains are stretched, a fact that decreases the conformational entropy of chains), and thus the distance between entanglements change throughout the polymer matrix in the melt [52] . However, GNPs M25 with the larger diameter can form aggregates more easily into the polymer matrix than GNPs M5 at the same loading 5 wt.%, as shown in PLM and rheological measurements. In this case, it is difficult for a polymer chain to wrap around the GNP M25; the interfacial area diminishes and does not contribute to the net packing fraction. It has been shown that the excluded volume of the nanoscale fillers coupled with the configurational entropy of the polymer chain plays an important role in the spatial distribution of nanofillers in polymer matrices [52] . In other words, when the diameter of filler increases, it is difficult the filler to disperse isotropically into the polymer matrix. Therefore, various ordering events are shown in the overlapped DSC melting curves of HDPE/M25 nanocomposite ( Fig. 8.d) attributed to the small imperfect crystals grown at large supercooling, the nucleation activity of the filler and the large diameter of GNPs M25. Fig.9 . a. shows the above-described different ordering events as a function of the cooling rate in logarithmic scale. The melting temperature is strongly affected by the filler size as the peaks of nanocomposites can be observed at a higher temperature than neat HDPE at the same rate. However, the melting peaks IV of the HDPE/M5 nanocomposite appear at lower temperatures indicating the presence of many small and imperfect crystals, which do not organize in a high-order superstructure at this large supercooling [53, 54] . The melting point of HDPE/M25 nanocomposite is further increased because GNPs M25 with the larger diameter hinder the melted molecules to reach full isotropization above the melting temperature. It has been reported that melting into a strained rather than an isotropic melt results in more perfect crystals and an increase of the observed melting temperature [55] .
The total melting enthalpy of neat HDPE, HDPE/M5 and HDPE/M25 nanocomposites ( Fig. 9 .b) depends strongly on cooling rate. At slow cooling (1 K/s), a very large crystallization peak is observed, which gradually decreases with increasing cooling rate. These observations agree with the analysis of samples crystallized during conventional DSC measurements.
Non-isothermal crystallization kinetics of HDPE and the graphene nanocomposites
In order to shed light on the kinetics of graphene nanocomposites at various temperatures, the relative degree of crystallinity (X T ) is obtained by dividing the heat that develops at each crystallization temperature (ΔΗ T ) over the whole area under the exothermic peak, that is, the total heat (ΔH 0 ) generated up to the complete crystallization [56] . The half time of non-isothermal crystallization (t 1/2 ) of neat HDPE, HDPE/M5 and HDPE/M25 nanocomposites, defined as the time taken to reach the relative crystallinity at a value of 50%, can be obtained from the X t versus time curve (Fig.   11 ). At increasing supercooling, the t 1/2 values decrease because of the increase in the thermodynamic driving force of crystallization. At a given cooling rate, the t 1/2 values of graphene nanocomposites do not present any differences for different filler size.
However, the values of nanocomposites are increased more than neat HDPE, especially at low cooling rates. This indicates that the addition of GNPs in HDPE decelerates the overall crystallization process of matrix. GNPs behave as a barrier during the mass transfer forming a tortuosity in the diffusion path, which decreases the free volume and retard the crystalline-amorphous interface movement [12, 42] .
The differential iso-conversional method of Friedman [57] has been used for HDPE and the graphene nanocomposites to obtain reliable values of the apparent activation energy over a broad temperature range. By plotting ln(dXt/dt) as a function of 1/T X t for each conversion and different cooling rates, the crystallization activation energy can be calculated from the slope. The dependence of the apparent activation energy on relative crystallinity for neat HDPE, HDPE/M5 and HDPE/M25 nanocomposites, determined by DSC (filled symbols) and FSC (open symbols), is shown in Fig. 12 .a.
Since energy has been released crystallizing from the molten fluid to the ordered crystalline state, the value of activation energy will be negative. The values of the apparent activation energy of neat HDPE, HDPE/M5 and HDPE/M25 increase with the degree of crystallinity for both conventional and fast DSC. This suggests that it is more difficult for each polymer system to crystallize, as the crystallization proceeds.
The determined values of FSC are higher than those of standard DSC (Fig. 12. b) in agreement with the assumption of Bosq et al. [58] that the crystallization temperature ranges are very different leading to different temperature dependencies. These data, derived from both instruments, give an opportunity to compute activation energy values on an extensive temperature range.
The values of activation energy for HDPE/M5 and HDPE/M25 nanocomposites are higher than neat HDPE, but the HDPE/M5 sample presents slightly lower values and crystallizes at more elevated temperature than HDPE/M25. As already mentioned above at PLM, DSC and FSC techniques, GNPs M5 have higher nucleation efficiency at these rates resulting in a more significant number of nuclei. Considering all the above results, faster crystallization proceeds at the beginning of the process because
GNPs increase the number of nucleation sites and thereby decrease the average size of crystallites. However, GNPs can readily adsorb the polyethylene molecular segments and then they block the movement of molecular segments and make crystallization difficult.
When the diameter increases, the bulk density of the filler will also increase significantly, and as a result, the tensile strength of the aggregates increases strongly.
The observed slower crystallization in the case of HDPE/M25 nanocomposite, due to the decreased spherulitic growth rates and lower nucleation density, results in the melt viscosity increase as shown in Fig. 3 . This affects the translational/rotational restrictions along the chain backbone and thus should lead to higher values of the activation energy at these harsh melt conditions.
Conclusions
The crystallization behavior of thermally conductive HDPE/graphene nanocomposites filled with nanoplatelets of different size (5 and 25 x 10 -6 m in diameter) was studied using fast scanning calorimetry. The high cooling rates yield structure formation far from thermodynamic equilibrium. The melting behavior of neat HDPE, HDPE/M5, and HDPE/M25 after cooling at 1-10000 K/s, in which various melting events take place, was discussed for the first time. These melting events were associated with the formation of small ordered domains which do not form a high-order superstructure at these rates, as well as the large nucleation density of GNPs. Moreover, this study provides an advanced isoconversional analysis of HDPE/graphene nanocomposites crystallization kinetics over a broad temperature domain using conventional and fast calorimetric data. The apparent activation energy of the nanocomposites was calculated according to Friedman's theory, and the fact that the nanocomposites presented higher values than the HDPE matrix is once more an indication that graphene nanoplatelets hinder the movement of the molecular segments and make crystallization difficult, especially at the final stage of the process. The melt shear viscosity of HDPE/M5 and HDPE/M25 nanocomposites suggested the strong orientation of filler layers in the flow direction at low shear rates, as well as the shearthinning behavior of samples at higher shear rates indicating the dominance of shear rheological properties of the neat polymeric system. The processability of HDPE/M5
and HDPE/M25 nanocomposites was not affected as similar processing conditions to the neat polymer were still suitable for the processing of the nanocomposites. In conclusion, HDPE/M25 nanocomposite showed slower crystallization and increased rheological properties because of the denser packing followed by the formation of crystals with larger spherical aggregates, resulting in less influence on the mechanical properties of materials, which will be discussed in future work. 
References
